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Abstract
Airborne remote sensing provides an ideal means of mapping the physical structure of lakes and 
studying the effects of mixing on the horizontal distribution of phytoplankton.  Airborne surveys 
are easier to integrate with field studies than satellite measurements and currently provide the only 
means of collecting high resolution spectral and spatial data.  In this review, I present some results 
from a series of airborne campaigns organised in the English Lake District between 1986 and 1991.  
The main instrument used for the surveys was a Daedalus 1268 Airborne Thematic Mapper.  This 
instrument acquires data in 11 spectral bands ranging from the blue visible to the thermal infrared.  
The visible band data was used to study the spatial distribution of the phytoplankton and the 
thermal data to map the surface temperature of the lakes.  Examples are presented to show how the 
instrument was used to track the trajectory of surface currents, study exchange processes with the 
shallow littoral and map the spatial distribution of phytoplankton.  Some of the acquired images 
highlight patterns and processes that could not have been identified by any other means.  These 
included the development of poorly mixed areas (‘dead zones’) in the littoral zone and the effect of 
power-boat movements on the surface temperature of Windermere.  The review describes some of 
the methods used to process the acquired imagery and includes an introduction to the procedures 
used to analyse the spectral data now being gathered by a new generation of airborne instruments.
Keywords: Lakes; remote sensing; mixing; temperature; phytoplankton; spectral signatures.
Introduction
The impression that lakes are homogeneous features in 
a structured landscape is very misleading.  Most lakes 
are structurally complex with patterns that cover a range 
of spatial scales from a few metres to several kilometres 
(George, 1993; George & Jones, 1987).  Identifying the 
factors responsible for this complexity is, however, difficult 
since the patterns are highly dynamic and are influenced 
by very short-term changes in the weather (George 
& Edwards, 1976; George & Heaney, 1978).  Airborne 
remote sensing provides an ideal means of visualising 
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these patterns and assessing their potential effect on the 
ecology of a lake.  The earliest remote sensing studies 
were conducted using instruments deployed on orbiting 
satellites.  In the 1970s, the USA launched the first in its 
series of Landsat satellites which provided useful data on 
the trophic status of a number of very large lakes (Alfoldi 
& Munday, 1978; Lindell, 1981; Lathrop & Lillesand, 1986). 
At the same time, the USSR deployed their Kosmos series 
of satellites many of which included instruments to survey 
lakes and seas (Kondratyev & Filatov, 1999).  The resolution 
of these satellite borne systems was, however, low and 
the number of usable images acquired limited by cloud 
cover (Hilton, 1984).  In recent years, the number of earth 
observation satellites has increased and their resolution has 
improved (Chuvieco & Huete, 2009) but sensors mounted 
on aircraft still provide the best means of acquiring data 
with a high temporal as well as spatial resolution.
Over the years, a number of researchers have published 
papers on the limnological applications of airborne 
remote sensing.  These include the use of the technique 
to monitor the trophic status of lakes (Dekker & Peters, 
1993; Dekker et al., 1992; George, 1997; George & 
Malthus, 2001; Ammenberg et al., 2002), measure the 
concentration of suspended particulates (Dekker et al., 
2001) and map the distribution of macrophytes (Malthus 
& George, 1997; Hunter et al., 2010a).  Surprisingly, very 
few have used these instruments to study the spatial 
dynamics of lakes by combining the ‘biological’ data 
acquired in the visible with the ‘physical’ data acquired 
in the infrared.  Good examples of this approach can 
be found in the chapter by George & Allen (1994) on 
the mixing characteristics of a small lake and a paper 
by Hedger et al. (2002) which used the technique to 
validate the outputs of a fluid dynamics model.
In this review, I present some examples to demonstrate 
how the optical and thermal data acquired by an airborne 
instrument was used to further our understanding of the 
factors influencing the spatial distribution of phytoplankton 
in a number of English lakes.  The campaigns were funded 
by the Natural Environment Research Council and most 
of the lakes surveyed were located in the area around 
Windermere, the largest lake in the Lake District.  The 
aircraft used was a twin engine Piper Navahoe Chieftain 
(Fig. 1) and each survey was supported by measurements 
of the physical, chemical and biological characteristics of 
the lakes.  The main instrument used was the Daedalus 
1268 Airborne Thematic Mapper (ATM) but some data 
were also acquired by a Compact Airborne Spectrographic 
Imager (CASI).  Some of the results presented here have 
already been published (e.g. George, 1997; George, 2000) 
but most have only appeared in conference proceedings 
and technical reports (e.g. Charlton, 1996; George, 2006).
To the plankton  ecologist, used to working with samples 
collected at fixed points, the imagery acquired by remote 
sensing can be quite a revelation.  Some show patterns that 
could not have been visualised by any other means, whilst 
others highlight processes that are very difficult to study 
using ground-based measurements.  The review includes 
a description of the methods used to process the data and 
suggests ways in which the benefits of the technology 
could be made available to a wider range of end users.
The sensors and the ground truth 
measurements
The Airborne Thematic Mapper
The Daedalus 1268 Airborne Thematic Mapper (ATM) 
was originally developed to provide support for NASA’s 
Landsat TM series of satellites.  It uses a rotating mirror to 
scan the earth’s surface and then records the up-welling 
Fig. 1.  The Piper Navahoe Chieftain used for the airborne 
campaigns.
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radiance in 11 bands ranging from the blue visible to 
the thermal infrared.  The visible bands are calibrated at 
intervals using a system supplied by the National Physical 
Laboratory and the output of the thermal bands adjusted 
in flight by scanning two temperature-controlled plates. 
Table 1 summarises the wavelength range of the bands 
used in the ATM.  We used the outputs from Bands 2 and 
3 to map the distribution of phytoplankton, the output 
from Band 8 to delineate the open water and the output 
from Band 11 to record the spatial variations in the surface 
temperature.  The airborne data was first edited on an 
International Image Systems (I2 S) Model 75 system before 
being transferred to a PC-based R-CHIPS system for 
further processing.
The Compact Airborne Spectrographic 
Imager
The Compact Airborne Spectrographic Imager (CASI) is 
a push-broom system that uses a charge coupled device 
(CCD) to record spectral as well as spatial data from the 
selected scene (Anger et al., 1994).  The operation of the 
instrument is controlled by a programmable interface that 
allows the bands used for spatial mapping to be modified 
for particular applications.  In our surveys, spatial data 
was acquired in eight, relatively broad, bands chosen to 
match the optical characteristics of the lakes surveyed 
(George, 1997).  In its spectral mode, the CASI instrument 
operates in a ‘push-rake’ configuration so only acquires 
data along transects positioned at intervals across the 
field of view.  The wavelength range of the instrument 
was 430–870 nm and the acquired spectra have a nominal 
resolution of 2 nm.
The airborne surveys
The images presented here were acquired during single 
and multiple over-flights of the selected lakes.  Most of the 
lakes surveyed were located in the Windermere catchment 
but one survey was extended to include some of the less 
productive lakes situated closer to the west coast of the 
English Lake District.  Data were acquired in all 11 bands 
of the ATM and supporting aerial photographs taken 
with the Wild RC8 camera.  The single flights were flown 
at altitudes that varied between 800 and 1500 m and the 
multi-temporal flights at an altitude of either 500 or 600 
m.  The multi-temporal flights were, typically, repeated 
at 10–15 minute intervals to provide a sequence of 8–10 
individual images.  The sampling teams on the ground 
were equipped with air-band radios to communicate with 
the aircrew and the over-flights timed to take advantage of 
the best weather conditions.
The ground-truth measurements
The surveys were supported by measurements of 
the vertical variations in the water temperature, 
the chlorophyll and sediment content of the water, 
and the reflectance characteristics of the lakes.  The 
variations in the water temperature were measured 
with a multi-parameter profiler (Rouen, 1989) which had 
an effective resolution of 0.01 °C.  Water samples were 
collected in plastic bottles and chlorophyll-a concentrations 
measured using the hot, aqueous methanol procedure 
described by Talling & Driver (1963).  The instrument used 
for the reflectance measurements was a Spectron SE590 
radiometer (Spectron Engineering Colorado) equipped with 
a downward-looking lens and a cosine corrected head to 
record the down-welling irradiance.  These instruments 
have been widely used for measurements over water 
ATM Band Spectral Range (nm)
1 420-450
2 450-520
3 520-600
4 605-625
5 630-690
6 695-750
7 760-900
8 910-1050
9 1550-1750
10 2080-2350
11 850-1300
12 Spare thermal channel
Table 1.  The wavebands used in the Airborne Thematic Mapper.
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and acquire data in 252 bands over a specified range of 
400–1100 nm.  Readings were normally taken in a viewing 
direction away from the sun to minimise sun glint and 
skylight effects.
Interpreting the acquired data
Interpreting the thermal band data acquired 
by the ATM
Infrared radiometers, like those fitted to the ATM, 
measure the temperature of a very thin layer of water at 
the air-water interface.  This ‘skin’ is only 10–20 μm thick 
but can be several tenths of a degree warmer or cooler than 
the temperature measured by a conventional sensor.  In the 
ocean, the difference between ‘skin’ and ‘bulk’ temperatures 
is known to be influenced by factors such as the time of day, 
cloud cover and the speed of the wind (Schluessel et al., 
1990; Wick et al., 1996).  The schematic in Fig. 2 shows the 
temperature gradients that commonly develop in a lake 
subject to weak and strong wind-mixing.  The dashed line 
shows the typical situation when the wind speed is high 
and the main factor regulating the ‘skin’ temperature is the 
flux of heat across the air-water interface.  The solid line 
shows the less common situation where the wind speed 
is low and surface heating more intense.  Under these 
conditions, steep temperature gradients develop very close 
to the surface and the difference between the ‘skin’ and 
‘bulk’ temperatures can then exceed 2 °C.
Interpreting the visible band data acquired 
by the ATM
The reflectance characteristics of water are determined by 
three optically important components: coloured dissolved 
organic matter (CDOM), suspended minerals and the 
concentration of phytoplankton in suspension.  These 
components absorb and scatter light in fundamentally 
different ways, properties that complicate the interpretation 
of the images acquired by remote sensing.  The schematic 
in Fig. 3 shows the effect of adding increasing amounts of 
a specified component to water containing small amounts 
of the other components.  In the case of CDOM (Fig. 3a) the 
main effect is the absorption of light at the blue-end of the 
spectrum.  In contrast, the main effect of adding suspended 
minerals (Fig. 3b) is to increase the amount of light scattered 
over a broad range of wavelengths so the effect will be 
most obvious where the absorption is low.  The response 
shown here is relatively ‘flat’ but peaks will appear in 
the spectrum if the mineral is strongly coloured.  The 
most complex response is that associated with increasing 
the concentration of phytoplankton in suspension (Fig. 
3c).  Phytoplankton are relatively inefficient scatterers 
when compared to inorganic particulates and only make 
a significant contribution to the optical properties of the 
more productive lakes.  A key feature of their reflectance 
is the ‘hinge point’ located at around 500 nm.  As the 
concentration of chlorophyll increases, the reflectance at 
the blue-end of the spectrum decreases as this pigment 
absorbs more light.  A point is reached when the cells in 
suspension scatter more light than they absorb and the 
reflectance then increases at wavelengths above 500 nm.
From an optical point of view, natural waters can 
be divided into two categories:  Case 1 waters whose 
optical properties are primarily determined by the 
Fig. 2.  Schematic to show the temperature gradients that develop 
in a lake subject to strong (dashed line) and weak (solid line) wind 
mixing.  The curves show the difference between the ‘skin’ and the 
‘bulk’ temperatures.
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concentration of phytoplankton in suspension and 
Case 2 waters whose reflectance characteristics are also 
influenced by non-algal particulates or high concentrations 
of CDOM.  All the large lakes in the English Lake District 
can, in practice, be regarded as Case 1 waters since their 
mineral and CDOM content is very low.  The classic ‘Case 
1’ waters are the open ocean and it is the relative rather 
than the absolute concentration of phytoplankton found 
in these upland waters that make them behave in much 
the same way.   Fig. 4a shows the extent to which the 
transparency of these lakes is determined by the amount 
of phytoplankton in suspension.  Here, the reciprocals 
of the Secchi disc measurements have been used as a 
measure of transparency and chlorophyll a concentration 
as a measure of the biomass of phytoplankton.  The fitted 
regression shows that more than 90 % of the variation 
in the transparency of the lakes can be explained by the 
observed variations in the chlorophyll concentration 
(r = 0.97, p < 0.001), i.e. the  phytoplankton   in  suspension  account 
for a very high proportion of the measured reflectance. 
Fig. 4b shows the relationship between the reciprocal of 
the Secchi disc measurements and the CDOM content 
of the water.  The measure of colour used was the 
amount of light absorbed at a wavelength of 440 nm 
(G440) and there was no obvious correlation 
between the two sets of measurements.
Although the optical characteristics of the 
surveyed lakes were primarily controlled by the 
phytoplankton, different algorithms had to be used to 
estimate the chlorophyll content of the least productive 
and most productive waters (George, 1997).  In the 
unproductive lakes (Fig. 4c), the most effective algorithm 
(r = 0.93, p < 0.001) was based on the ratio of the radiances 
measured in the green and blue portions of the spectrum, 
i.e. ATM Band 3 and ATM Band 2.  In the productive lakes 
(Fig. 4d), the best predictions (r = 0.98, p < 0.001) were 
based on the radiances measured in the green portion of 
the spectrum, i.e. ATM Band 3.  Selecting an appropriate 
algorithm to estimate the pigment content of a lake has 
always proved a challenge since lakes situated in different 
regions often have very different optical properties.
Many empirical pigment retrieval algorithms are now 
based on NIR-red ratios.  These avoid the complications 
caused by the presence of CDOM and non-algal 
particulates but are usually parameterised differently in 
productive and unproductive lakes.  Hunter et al. (2008a) 
provide some examples of these long wavelength effects 
whilst Hunter et al. (2010b) used a quadratic function 
of these reflectances to estimate the concentration of 
Cyanobacteria in two, relatively productive, lakes.
Fig. 3.  Schematic to show the optical effects of adding increasing amounts of: (a) coloured dissolved organic carbon, (b) suspended minerals 
and (c) chlorophyll a to a water column containing small amounts of the other components.  The darker the colour of the line, the greater 
the amount added.
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Using the ATM to study the physical 
dynamics of lakes
Wind-induced water movements
Passive sensors, like the ATM, cannot provide any direct 
measurements of surface currents but they can be used 
to track floating targets and drogues.  In 1986 and 1987 a 
series of multi-temporal flights were organised to map the 
trajectory of surface currents in Esthwaite Water.  Previous 
studies at this site (George & Heaney, 1978; Falconer et al., 
1991) had shown that these currents were complex and 
strongly influenced by the morphometry of the basin.  In 
these surveys, the aircraft over-flew the lake at 10-15 minute 
intervals to record the position of the drogues and map the 
changes in the surface temperature.  The drogues (Fig. 5a) 
were made from squares of plywood attached to a plastic 
bucket and painted white to increase their reflectance.
Fig. 4.  (a) The relationship between the Secchi disc (SD) measurements in a number of Cumbrian lakes and the chlorophyll a content of 
the water.  (b) The relationship between the Secchi disc measurements and the colour of the water (G440 absorbance).  (c) The relationship 
between the chlorophyll a content of the water and the ATM (Airborne Thematic Mapper) Band 3 / ATM Band 2 ratio in the less productive 
lakes.  (d) The relationship between the chlorophyll a content of the water and the ATM Band 3 measurements in the more productive lakes.
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Fig. 5b shows a line and a group of drogues drifting 
in open water. The lines were used to map the trajectory 
of the surface currents and the groups to provide an 
estimate of their rate of dispersion.  Fig. 5c compares the 
time-dependent change in the area covered by groups of 
drogues released at two different locations.  The group 
shown by the open circles was released in open water and 
tracked until it reached an area of converging currents 
near the downwind shore.  The group shown by the 
closed circles was released on the margins of a sheltered 
bay and dispersed at a much faster rate than the group 
drifting in open water.  The reason for this enhanced rate 
of dispersion only became clear when the thermal images 
were processed to show that a very steep thermal gradient 
had developed across the mouth of the bay.  This thermal 
‘front’ appears to have acted as a free-slip boundary 
to the wind-induced current which then flowed with 
increasing speed along the boundary of the bay.  When 
the results from several experiments were compared, 
the dispersion rates recorded elsewhere in the lake were 
consistently lower than expected on theoretical grounds. 
Batchelor (1952) found that the initial dispersion of objects 
floating in an unbounded flow-field increased as the 
one-half power of the elapsed time.  In Esthwaite Water, 
these rates ranged from a quarter to a third power of the 
elapsed time with even lower rates being recorded in 
areas where converging currents approached the shore.
The reason for these low rates of dispersion only 
became clear when we compared the scale-dependent 
diffusivities calculated for Esthwaite Water with those 
Fig. 5.  (a) One of the drogues used to track the surface currents.  (b) ATM image of a line and a group of drogues drifting in Esthwaite 
Water.  (c) The rate at which two groups of drogues dispersed in Esthwaite Water.  (d) Eddy diffusivity as a function of group or ‘patch’ 
size in Esthwaite Water (●) and the Great Lakes of North America (∆).
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reported in a very large lake (Fig. 5d).  The Batchelor 
model assumes that, after an initial phase of slow 
separation, a ‘patch’ of floating objects will encounter 
larger and larger eddies as time progresses.  In the large 
lakes of North America, Okubo & Farlow (1967) found 
that drogues dispersed at this ‘intermediate’ rate for 
40–50 minutes.  In Esthwaite Water, the ‘patches’ quickly 
outgrew the length-scale of the most energetic eddies 
and then dispersed at much lower rates.  The length-scale 
at which the rate of dispersion changes from the rapid 
intermediate rate to a slower asymptotic rate is known 
as ‘the integral scale of turbulence’ and an estimate 
of this scale can be derived by examining the rate at 
which the relative position of the drogues in a patch 
changes with time.  In Lake Erie, one of the largest lakes 
in North America, the integral scale of turbulence was 
800 m but in Esthwaite Water this value was only 40 m.
Surface temperature
The temperature measurements acquired by the ATM were 
usually used as an indirect measure of the wind-induced 
circulation.  There were, however, occasions when these 
data allowed us to visualise some unsuspected patterns 
and explore some poorly understood processes.  One 
example was the short-lived transport of warm water from 
the littoral zone of Esthwaite Water observed on the 28th of 
April 1987.  The first plumes of warm water were detected 
in the littoral zone at 14.07 GMT but these movements 
appear to have ended by the time of the last over-flight at 
15.30 GMT.  Fig. 6a is a computer enhanced image of the 
plumes that developed along the edge of a large reed bed. 
The water in the reed bed was several degrees warmer 
than the open lake but the plumes of warm water drifting 
offshore were bisected by a flow of cold water from a small 
stream.  The potential effect of such thermal instabilities 
on the transfer of dissolved reactive phosphorus (DRP) 
from the shallow littoral was discussed by George (2000). 
In summer, the concentration of DRP in such reed-beds 
is, typically, much higher than that found in open water. 
In Esthwaite Water, calculations suggest that ‘episodic’ 
currents of this kind could inject around 1kg day-1 of DRP 
from the littoral into the epilimnion.  This loading can be 
compared with an average loading of 1.6 kg day-1 of DRP 
from the main inflow, a supply that can fall to lower levels 
if there has been little rain.
Another ‘episodic’ structure recorded by the airborne 
surveys was the island wake shown in Fig. 6b.  This image 
was recorded on the 19th of July 1989 during an over-flight 
of Devoke Water, a small lake in the far west of the English 
Lake District.  The island in the image is about 20 m across 
and is separated from the shore by narrow channel.  At the 
time of the over-flight, the wind was blowing along the 
lake from west to east and the red pixels show the extent 
to which the cooler surface ‘skin’ was disrupted by the 
turbulence that developed around the island.  Most island 
wake studies have been conducted in the ocean where the 
current speeds are relatively high.  Under these conditions, 
the effect of an island on the surrounding flow depends on 
the relative magnitude of the inertial and frictional forces. 
If the inertial forces dominate, the flow will separate from 
the island to produce a turbulent wake and an area of 
cool water behind the island (Caldeira et al., 2002).  If the 
frictional forces dominate, there are no separation eddies 
and the disturbed area is very much warmer (Barton, 
2010).  The resolution of the Devoke Water image is too low 
to show the structure of any eddies but the water behind 
the island was clearly warmer than the undisturbed flow.
The most intriguing temperature effects were those 
recorded in Windermere on the 7th of August 1988.  At the 
time of this over-flight, there was very little wind but the 
day was very warm and a steep secondary-thermocline 
had developed very close to the surface.  In the UK, the first 
week in August is one of the busiest holiday periods in the 
year.  By the time this image was recorded at 9.20 hours 
GMT, the power-boats speeding around the lake had 
mixed this surface layer to produce wakes of colder water. 
Fig. 6c is a false-colour image (Bands 3, 8 and 11) of the area 
around Belle Isle; the red pixels show areas of warm water 
and the green pixels areas where the water is relatively 
shallow.  The deep water to the north of Belle Isle is 
relatively undisturbed but a number of ‘cool’ wakes can be 
seen crossing the area.  The average temperature difference 
across these wakes was 1 °C but some busy areas were more 
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than 2 °C cooler.  The density-sliced image in Fig. 6d shows 
the result of colouring the warmer, undisturbed areas 
black and highlighting the boat wakes in two shades of 
red.  This image shows that the boat traffic was particularly 
heavy in Bowness Bay and the channel running north 
along the eastern shore.  Fewer boats appeared to be 
moving south but traffic was also heavy in the channels 
between the small islands on the western side of the lake. 
An examination of the aerial photographs taken at the time 
of the over-flight showed that the boats with the strongest 
mixing effect were the large cabin cruisers.  In 2000, a speed 
limit of 10 mph was introduced to reduce both the noise 
of the boats and their impact on the littoral zone.  In the 
1990s, more than 300 power boats were usually operating 
on the lake on a typical summer day but these numbers 
declined sharply once the speed limit was introduced.
Using the ATM to map the spatial 
distribution of phytoplankton
From a hydrodynamic point of view, freshwater 
phytoplankton can be divided into two distinct categories: 
• Those that behave as passive elements in the physical 
flow.
• Those that are able to regulate their position in the 
water column.
Fig. 6.  (a) Plumes of warm water dispersing from the littoral zone of Esthwaite Water. (b) Thermal image of an island wake in Devoke 
Water.  (c) A multi-band image (ATM Bands 11, 3 and 8) of the area around Belle Isle in Windermere.  (d) Density sliced version of the same 
image to highlight the mixing effect of the power boats.  The coldest (i.e. intensely mixed) water is coloured the darkest red.
130
DOI: 10.1608/ FRJ-5.2.505
George, D.G.
© Freshwater Biological Association 2012
Species that belong to the first category are usually 
homogeneously distributed in the horizontal plane but 
spatial differences can appear if there are barriers to the free 
flow of water.  Species that belong to the second category 
frequently accumulate in patches as they attempt to adjust 
their depth in areas of up-welling or down-welling water.
Fig. 7a is an example of the first type of ‘patchiness’ 
where a physical barrier has allowed two populations 
to develop at markedly different rates.  Windermere, the 
largest lake in the Lake District, is divided into two basins by 
a large island and an area of shallow water.  The South Basin 
is more productive than the North Basin which is deeper 
and surrounded by less productive land.  When the lake 
was surveyed in August 1988, the estimated concentration 
of chlorophyll a in the North Basin was only 15 μg L-1 
but the average in the South Basin was 28 μg L-1.  In this 
figure, the radiance measurements in ATM Band 3 
have been density-sliced (contoured) to highlight the 
difference in productivity between the two basins.  At 
the time of the over-flight, the wind was blowing from 
the south so the boundary between the two water masses 
was located to the north of the island.  When the wind 
blows from the north, this boundary is located further 
to the south and water containing lower concentrations 
of chlorophyll may then be detected in the South Basin.
Fig. 7b is an example of the second type of 
‘patchiness’ where a dense concentration of the 
buoyant cyanobacterium Aphanizomenon flos-aquae had 
accumulated along the west shore of Esthwaite Water. 
At the time of the over-flight, a light wind was blowing 
from the east and the thermal data acquired showed 
that a very steep temperature gradient had developed 
along the east to west axis.  Spot samples collected 
at the same time showed that the concentrations of 
chlorophyll measured along the downwind shore were 
four times higher than those recorded in the open water.
Integrating the physical and 
biological measurements acquired 
by the ATM
The most powerful applications of remote sensing are 
those that combine images recorded in the visible part of 
the spectrum with those acquired in the thermal infrared. 
Most of the patterns observed in the phytoplankton are 
determined by the mixing characteristics of the lake which 
are, in turn, closely correlated with the measured variations 
in the surface temperature.
Fig. 7.  (a) A density-sliced image (ATM Band 3) to show the different concentrations of chlorophyll in the North and South Basins of 
Windermere.  The green shows the highest concentration of chlorophyll.  (b) A density-sliced image (ATM Band 3) to show the downwind 
accumulation of the cyanobacterium Oscillatoria agardhii in Esthwaite Water.  The dark green shows the highest concentration of chlorophyll. 
Both images have been contoured at 10 μg L-1 increments of chlorophyll a.
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The effects of the earth’s rotation on the 
wind-induced currents
Ekman (1905) showed that, in a large body of water of great 
depth, the currents generated by the wind are deflected to 
the right in the northern hemisphere by the force known 
as the Coriolis effect.  In the classic Ekman spiral, deeper 
currents rotate progressively to the right until, at a depth 
known as the depth of frictional resistance, the deep water 
moves against the surface flow.  In an enclosed body of 
water, this spiral motion is distorted and the degree of 
rotation then depends on the speed of the wind and the 
width of the basin.  The determining factor is the radius 
of the circle of inertia, which can be visualised as the path 
described by a current generated by a transitory force.  The 
radius of inertia (ri) is related to the current speed by the 
equation:
ri   =  U / 2 Ω sin θ
where U = the mean current speed, Ω = the angular 
velocity of the earth’s rotation and θ is the sine of the 
geographic latitude.  For a lake at the latitude of Esthwaite 
Water, ri values range from 0.1 km at a wind speed of 1 
ms-1 to just over 1.0 km at a wind speed of 8 ms-1.  Since 
the lake has an average width of 0.4 km and a maximum 
width of 0.6 km, significant clockwise rotations can be 
expected whenever the wind speed falls below 4 m s-1. 
In 1976, George & Heaney (1978) published the results 
of some drogue experiments that showed that these 
deflections ranged from 2–3° at wind speeds above 8 cm 
s-1 to rotations in excess of 15° at a wind speeds below 4 m 
s-1.  The importance of these rotations were confirmed by 
the modelling studies of Falconer et al. (1991) who showed 
that removing the Coriolis term from the Navier-Stokes 
equations had a significant effect on the direction of the 
surface and sub-surface flows.
Coriolis deflections of this magnitude were detected in 
a number of ATM images but the most striking example 
was that recorded on the 24th of July 1987 when the 
phytoplankton was dominated by the cyanobacterium 
Oscillatoria agardhii.  The images in Fig. 8 show how the 
output from ATM Bands 3, 8 and 11 were combined 
to highlight the effects of this rotational movement on 
the surface temperature and the horizontal distribution 
of phytoplankton.  The density-sliced image in Fig.  8a 
shows the output from ATM Band 8, a part of the 
spectrum where the water reflects very little light.  Here, 
it is used to define the area of open water and provide a 
‘background’ to compare the spatial variations in the water 
temperature and the chlorophyll a.  The density-sliced 
image in Fig.  8b shows the output from ATM Band 3, 
the channel used to map the chlorophyll content of the 
water.  The density-sliced image in Fig. 8c shows the 
output from ATM Band 11, the channel used to display 
the spatial variations in the surface temperature.  At the 
time of the over-flight, the wind was blowing from the 
north (i.e. from the bottom to the top in this image) but 
the chlorophyll and the temperature gradients show 
that the surface currents were being deflected towards 
the right-hand shore.  Fig.  8d is a composite image 
produced by displaying the data recorded in each band 
to a different ‘gun’ of the CRT monitor.  Here, the output 
from Band 11 is displayed on the red gun, the output 
from Band 3 on the green gun and the outputs Band 8 
on the blue gun.  The most striking feature is the strong 
covariance displayed by the chlorophyll measurements 
in Band 3 and the temperature measurements in Band 
11.  The orange and yellow pixels show areas where 
the concentration of chlorophyll is high and the water 
is very warm.  The green pixels show areas where the 
concentration of chlorophyll is higher than expected 
from the temperature measurements and the red pixels 
the areas where the water is proportionately warmer.
The ‘dead-zones’ that develop in sheltered 
bays
Esthwaite Water is a morphometrically complex lake 
with three distinct basins and a number of sheltered bays. 
An image acquired on the 28th of April 1987 showed 
that a steep thermal gradient had developed along the 
boundary of one of these bays to form a ‘dead zone’ that 
contained much higher concentrations of chlorophyll. 
The density-sliced image in Fig. 9a shows the thermal 
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structure of this ‘dead-zone’ contoured at intervals of 
0.5 °C.  The position of the thermal boundary was quite 
distinct and the water in the bay was more than 2 °C 
warmer than the open lake.  The density-sliced image 
in Fig. 9b shows the relatively high concentration of 
phytoplankton that had accumulated within this ‘dead 
zone’.  The average concentration of chlorophyll a in the 
open water was ca. 10 μg L-1 but concentrations in the 
bay exceeded 20 μg L-1.  At the time of the over-flight, the 
phytoplankton was dominated by species that behaved as 
passive components of the physical flow.  The increased 
concentrations measured in the ‘dead zone’ must thus be the 
result of more rapid growth in a mass of water that was both 
warmer and shallower than the open lake.
In recent years, it has become clear that 
traditional Fickian models of dispersion cannot explain 
the distribution of phytoplankton in meandering 
rivers (Reynolds et al., 1991).  Well defined ‘patches’ of 
phytoplankton have commonly been reported in fast 
flowing rivers where there are meanders that isolate 
Fig. 8.  Combining the images acquired by the ATM to show the impact of the Coriolis force on the chlorophyll and temperature 
gradients.  (a) Density-sliced image (ATM Band 8) to show the effect of suspended particulates on the scattering properties of the water 
column.  The darker blue shows the higher reflectance.  (b) Density-sliced image (ATM Band 3) to show the horizontal variation in the 
concentration of chlorophyll a.  (c) Density-sliced image (ATM Band 11) to show the horizontal variation in the surface temperature.  (d) 
False colour image (ATM Bands 11, 3 and 8) to demonstrate the coherence of the physical and biological measurements (see text for further 
details).  Image (b) has been contoured at 10 μg L-1 increments of chlorophyll a and image (c) at 0.5 °C intervals.  Note that the geographic 
orientation of the images has been reversed to show the deflection towards the western shore.
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these populations from the main flow.  Carling et al. 
(1994) described the structure and dynamics of one 
such ‘dead zone’ in the River Severn using imagery also 
acquired by an ATM.  The associated modelling studies 
suggested that such ‘dead zones’ could remain intact 
for periods of up to 25 days and then inject substantial 
concentrations of phytoplankton into the system when 
entrained into the main flow.  The results presented 
here suggest that similar concentrations of rapidly 
dividing phytoplankton can develop in the littoral zone 
of a lake but little is known about the effect of these 
innocula on the seasonal succession of phytoplankton.
Imaging the roll vortices known as 
Langmuir circulations
The parallel lines of foam that appear on the surface of 
a lake are the physical manifestation of the roll vortices 
known as Langmuir circulations (Langmuir, 1938).  These 
circulations are known to affect the spatial distribution of 
phytoplankton, zooplankton and fish but the mechanism 
responsible for their generation are still poorly understood. 
At least six different hypotheses have been advanced 
(Scott et al., 1969) but the most plausible are those that 
invoke the interaction of surface waves (Leibovich, 1983). 
Field measurements of their structure and dynamics are 
inherently difficult since these circulations are short-lived and 
only develop under certain physical conditions.  The spacing 
between the foam lines is also variable and is thought to be 
related to the depth of the mixed layer.
On the 24th of July 1987, an image acquired over 
Esthwaite Water showed that a series of Langmuir 
circulations had developed in the open water.  The lines of 
foam were very distinct and surface accumulations of 
the cyanobacterium Oscillatoria agardhii were clearly 
visible where the flows converged.  The ATM images 
confirmed that these lines of foam were aligned with the 
prevailing wind but the circulations only appeared in 
areas where the lake was more than 5 m deep.  The false 
colour image in Fig. 10a shows some of the vortices that 
developed in the deeper water on the western side of 
the lake.  The bands used are Band 11, Band 3 and Band 
8 and the colours have again been chosen to highlight 
the spatial coherence of the surface temperature and the 
chorophyll.  The cross-section in Fig. 10b was produced 
by plotting the radiance values recorded for Band 3 
(chlorophyll) and Band 11 (temperature) along a transect 
that crossed three Langmuir lines.  The results demonstrate 
that there was a very good match between the ‘skin’ 
temperature measured by the ATM and the distribution 
of phytoplankton within the roll vortices.  Measurements 
taken along a number of very similar transects showed 
Fig. 9.  (a) A density-sliced image (ATM Band 11) to show a ‘dead zone’ of warm water in a bay on the east shore of Esthwaite Water.  (b) 
A density-sliced image of the same area (ATM Band 3) showing the high concentration of chlorophyll a recorded within the ‘dead zone’. 
Image (a) has been contoured at 0.5 °C intervals and image (b) at 10 ug L-1 increments of chlorophyll a. 
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that the spacing between the Langmuir lines ranged from 
a minimum of 12 m to a maximum of 16 m.  This means 
the width to depth ratios of the circulations must have 
ranged from a minimum of 2.0 to a maximum of 2.6, 
values that imply that there could be some spatial 
variation in the depth of wind-induced mixing.
Discussion
Airborne remote sensing still provides one of the most 
effective means of analysing the spatial patterns that 
appear in lakes.  The coverage and performance of satellite 
borne sensors has improved greatly in recent years, but the 
resolution of these instruments is still relatively low 
(Kutser, 2009).  In the 1990s, the long-term aim of the 
remote sensing community in the UK was to promote the 
use of the technology for operational as well as scientific 
purposes.  Since then, the number of research groups with 
an interest in the topic has decreased and the number of 
‘end-users’ has not increased at the anticipated rate.  There 
appear to be three barriers to the wider application of this 
technology:
• The perception that the technology is changing at 
such a rate that only specialists can keep pace with 
these developments.
• The perception that the data acquired is both complex 
to analyse and difficult to interpret. 
• The impression that airborne surveys are difficult to 
integrate with field campaigns.
Most of these issues have now been resolved but 
freshwater researchers have been slow to recognise 
the practical advantages of airborne surveillance.
The development of new technology
In the early days of any scientific endeavour, a great 
deal of time has to be devoted to the development of 
new instruments and techniques.  In the case of airborne 
remote sensing, this period of rapid development is over 
but the potential of this technology has yet to be realised 
by researchers in the freshwater field.  One of the most 
important technical advances has been the improvement 
in the performance of sensors that operate in the spectral 
as well as the spatial domain.  In the surveys described 
here, the high resolution spectra required to interpret 
the imagery had to be acquired by simultaneous 
Fig. 10.  (a) A false colour image (ATM Bands 11, 3 and 8) to show the Langmuir circulations that developed in the open water of Esthwaite 
Water.  (b) The variations in the ‘skin’ temperature (red) and the Band 3 radiance (green) recorded on a transect that crossed three Langmuir 
lines.
DOI: 10.1608/ FRJ-5.2.505
135Dynamics of lakes and spatial distribution of phytoplankton
Freshwater Reviews (2012) 5, pp. 121-140
measurements with a hand-held instrument.  Today, 
this information is recorded by the sensor mounted on 
the aircraft so more time can be devoted to other field 
measurements. The first hyper-spectral instrument of 
this kind flown in the UK was the Compact Airborne 
Spectrographic Imager (CASI).  The first CASI flight over 
the English Lakes took place in November 1989 and was 
primarily designed to test the spectral capabilities of the 
instrument.  Fig. 11a shows the spectra acquired by the CASI 
at selected points in the North Basin of Windermere, 
Esthwaite Water and Blelham Tarn.  The monochromatic 
image shows the location of the displayed spectra and the 
main panel the raw radiance measurements.  In all three 
lakes, the form of the spectra reflected the measured 
chlorophyll content of the water (cf. Fig. 3c).  Esthwaite 
Water and Blelham Tarn are both very productive lakes 
but, on this occasion, only Esthwaite Water (the red curve in 
Fig. 11a) contained high concentrations of phytoplankton.
The hyper-spectral instruments currently used 
for remote sensing in the UK are more sophisticated 
than the CASI and most of the problems associated 
with processing the data have also been resolved.  The 
images delivered are now geometrically corrected 
using positional data acquired by the aircraft (Wilson 
et al., 1997) and adjusted for atmospheric effects using 
established procedures, such as those described by 
Alder-Golden et al. (1999).  The main focus of current 
research is the refinement of the methods used to 
extract qualitative as well as quantitative information 
from the acquired data and deliver this information in 
a form that can be understood by non-technical users. 
A detailed discussion of these methods is outside the 
scope of this review but those with an interest in the 
application of the technology should at least be aware 
of some recent developments.  More work still needs 
to be done on the algorithms used to retrieve water 
quality data but the key is to test these systems in a wide 
range of aquatic environments.  A number of papers have 
already been published on the absorption and scattering 
properties of marine phytoplankton (Vaillancourt, et al., 
2004; Whitmire, et al., 2010) but very few on the optical 
properties of freshwater taxa.  Since the optical properties of 
these species is strongly influenced by their physiological 
state there is plenty of scope here for collaborative 
studies with more traditional plant ecologists.
Fig. 11. (a) The spectra acquired by the CASI (Compact Airborne Spectrographic Imager) at different locations in Esthwaite Water (red), 
Blelham Tarn (green) and the North Basin of Windermere (blue).  (b) The reflectance spectra of three different species of algae.  These 
measurements were recorded in an experimental tank with a Macam SR9910 radiometer.
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Interpreting the acquired data
The full potential of the latest generation of hyper-spectral 
instruments will only be realised when the spectral 
characteristics of a wide range of freshwater species 
have been analysed and catalogued.  A number of 
investigators have analysed the reflectance characteristics 
of pure and mixed cultures (Charlton, 1998; Metsamaa 
et al., 2006; and Hunter et al., 2008a) but more work is 
required to characterise the ‘spectral signatures’ of natural 
communities.  Fig. 11b shows some of the reflectance 
spectra recorded by Charlton (1998) in a tank illuminated 
by a 1000W tungsten-halogen lamp.  The genera used 
were the diatom Asterionella, the green alga Selenastrum 
and the blue-green alga Microcystis.  Different taxa absorb 
and reflect light in different ways and these differences 
can be used to distinguish various ‘functional groups’ 
of phytoplankton.  In this example, the most obvious 
difference is the amount of light reflected by the Microcystis 
but there are also more subtle features, such as the 
absorbance of the photosynthetic pigment phycocyanin at 
wavelengths close to 630 nm.
One way of highlighting such optical differences is 
to compare the predictive potential of the light reflected 
at different wavelengths.  Fig. 12a shows the results of 
one such exercise where the reflectance characteristics 
of a collection of species from three ‘functional groups’ 
have been averaged and correlated with the chlorophyll 
content of the water.  These curves demonstrate that 
the algorithms used to map the spatial distribution of 
phytoplankton should pay due regard to the qualitative 
as well as the quantitative characteristics of the 
community.  For example, in a community dominated by 
Cyanobacteria, the most effective algorithm could be one 
that contrasts the amount of light absorbed at 630nm with 
that reflected at longer wavelengths.  This approach has 
recently been used to detect the presence of cyanobacterial 
blooms in a number of aquatic systems.  In the Baltic, 
Metsamaa et al. (2006) used the ratio of the radiance 
measured at 650 nm and 630 nm to estimate the biomass 
of Cyanobacteria.  In the UK, Hunter et al. (2010b) used 
the ratio of the radiance measured at 710 and 620 nm to 
map the distribution of Cyanobacteria in Esthwaite Water 
and Loch Leven.  To date, devising functions that can 
reliably distinguish different functional groups by their 
spectral signatures has proved more difficult. Charlton 
(1996) compared the diagnostic capabilities of several 
ratio-based algorithms and concluded that the number 
of effective formulations was low.  The box-plots in 
Fig. 12b show the result of using the ratio of the absorbance 
measured at 626 and 658 nm to identify three functional 
groups: the green algae (Chlorophyta), the blue-green 
algae (Cyanophyta) and the diatoms (Baccillariophyta). 
Tests showed that the differences noted between the 
ratios were statistically significant but applying the 
same procedure to the reflectance ratios produced less 
satisfactory results.  Hunter et al. (2008a) used a very 
similar technique to distinguish four colour-based groups 
of phytoplankton.  The groups selected were spectrally 
distinct and two ratio-based indices were devised 
to estimate the concentration of cells containing the 
photosynthetic pigments fucoxanthin and phycocyanin.
One problem with these ratio based methods 
is that they only use a small proportion of the data 
acquired by the sensor.  An alternative approach is to 
use empirical methods, such as multivariate analyses 
and neural networks, to process all the data acquired 
to produce classifications that are statistically robust. 
Charlton (1998) compared the effectiveness of several 
multivariate techniques and concluded that the most 
effective were those based on transformations of the 
raw data.  When a 4th derivative was used to transform 
the spectra acquired in Esthwaite Water at different 
times of the year, the technique correctly identified 12 
out of 15 groups of ‘dominant’ phytoplankton.  More 
work is certainly required before such techniques can 
be used to support operational surveys.  The long-term 
aim should be to develop expert systems that can 
interpret the acquired data in near-real time and then 
relay this information to sampling teams on the ground.
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Integrating remote sensing with other field 
measurements
There is still a tendency to regard remote sensing as a 
specialised topic rather than a tool to support other areas 
of study.  The most effective airborne campaigns are those 
that form part of a broad programme of investigation.  In 
this respect, the airborne campaigns funded by the UK’s 
Natural Environment Research Council in the 1980s 
and 1990s were very successful.  These campaigns were 
very carefully planned so that the flights coincided with 
intensive measurements on the ground.  The navigator on 
the aircraft was always in radio contact with these survey 
teams and the overpasses were often re-scheduled to take 
advantage of improved weather conditions.  By today’s 
standards, the ATM was a simple device but it did include 
a thermal channel that provided useful information on the 
physical characteristics of the lakes.  Later campaigns were 
organised in a less flexible way so it became increasingly 
difficult to plan flights that coincided with ‘interesting’ 
events in the lakes.  In the late 1990s, several attempts were 
made to monitor the formation and dispersion of algal 
blooms in Esthwaite Water but the aircraft was never 
available at the critical times.  Hunter et al. (2008b) were 
able to conduct a time-series of observations on an algal 
bloom in Barton Broad but their surveys did not include 
any temperature or mixing measurements.
One solution to these logistical problems is to develop 
simpler instruments packages that can either be mounted 
on a light aircraft or deployed on an Unmanned Aerial 
Vehicle (UAV).  Using a light aircraft, like a Cessna 172, 
has some obvious advantages since the cost is low and 
such surveys can be planned with a minimum of technical 
support.  In the 1990s, the engineers at Windermere devised 
a simple camera-based system for mapping the spatial 
distribution of phytoplankton.  This system used an array 
of four cameras and each camera was fitted with a different 
narrow band filter to capture the feature of interest.  The 
filters used were chosen to match the optical characteristics 
of the target lake and were easily changed to support other 
applications.  Preliminary tests with this system proved 
very successful but we were unable to secure funding for 
an operational version.  The cameras available today are 
smaller and more sensitive than those used in this prototype. 
More cameras could thus be fitted to provide additional 
bands and a solid-state spectrometer incorporated to 
acquire some spectral data.  The information acquired 
by such a system would be inferior to that acquired 
Fig. 12.  (a) The correlation between the reflectance characteristics of three ‘functional groups’ of phytoplankton and the chlorophyll content 
of the water.  (b) Box-plots to show the effectiveness of the 626 to 658 nm absorbance ratio as a diagnostic for these functional groups. 
Chlor  = Chlorophyta, Cyan = Cyanophyta, Bacc = Baccillariophyta.
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by a hyper-spectral sensor but the capacity to respond 
quickly could well outweigh these technical deficiencies.
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